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Background: Pseudomonas aeruginosa is an opportunistic pathogen that takes advantages of some weaknesses in the immune system to 
initiate an infection. Biofilms of P. aeruginosa can cause chronic opportunistic infections in immunocompromised and elderly patients. 
This bacterium is considered as a model organism to study antibiotic resistance as well as biofilm formation. In the biofilm structures, 
bacteria are protected from many harmful environmental factors such as fluctuations in the level of oxygen and nutrients, and the 
alterations of pH as well as sensitivity to antibiotics. Decreased permeability of biofilms is one of the important reasons of antimicrobial 
resistance in bacteria. 

Objectives: In this study the anti-biofilm activity of bismuth thiols in combination with ciprofloxacin, imipenem and ceftazidime against 
the P. aeruginosa biofilm was investigated. 

Materials and Me thods: Checkerboard method was used to test the susceptibility of biofilms against various antimicrobial combinations. 
The biofilm formation was measured by 2,3-bis (2-methoxy-4-nitro-5-sulfo-phenyl)-2H-tetrazolium-5-carboxanilide (XTT) colorimetric 
assay. The fractional bio-film inhibitory concentration was reported for each agent. 

Results: The combination of bismuth ethanedithiol with ciprofloxacin showed synergistic inhibitory effect on the P. aeruginosa biofilm 
formation. The combination of bismuth ethanedithiol ciprofloxacin, ceftazidime and imipenem showed synergistic inhibitory effects on 
the biofilm formation. Furthermore, the combination of bismuth ethanedithiol, imipenem and ceftazidime did not show any synergistic 
inhibitory effect on biofilm formation. 

Conclusions: Our studies show that using appropriate concentrations of bismuth thiols in combination with various antibiotics can act 
synergistically against P. aeruginosa biofilm formation. 
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1. Background 

Biofilms are specific structures of microorganisms, 
which cause severe infections especially in immunocom- 
promised individuals. Due to the widespread occurrence 
of microorganisms which cause biofilm-related infections 
and increased resistance of microorganisms towards the 
commercially available antibiotics, there is an increased 
interest in the discovery of novel drugs against the biofilms 
(1). National Institute of Health (NIH) has estimated that 
three out of four bacterial infections are biofilm-related. 
Biofilms can withstand host immune responses more than 
their nonattached, planktonic bacterial ones. Biofilms can 
cause clogging of the capillary blood vessels in the circu- 
latory system or brain, creating plaques and causing gin- 
givitis in the oral cavity of human or animals (2). The total 
annual cost of these adverse consequences of biofilms 
reaches billions of dollars; thus novel antimicrobials and/ 
or new approaches to combat the problem are urgently 



needed (3) 

Pseudomonas aeruginosa is not only an important oppor- 
tunistic pathogen (4), but also a causative agent of emerg- 
ing nosocomial infections that is considered as a model 
organism for the study of diverse bacterial mechanisms 
contributed to bacterial persistence in the environment 
(5). Bismuth-thiols (BTs) are a group of antibacterial agents 
with anti-biofilm activity against gram-positive and -nega- 
tive bacteria. The thiol element functions as a lipophilic 
carrier that enhances bismuth uptake through bacterial 
surface up to 1000-fold (6). Bismuth acts as a metabolic 
poison inside the cell, results in growth inhibition and cell 
death (7). At sub inhibitory concentrations, BTs inactivate 
the bacterial respiratory enzymes, suppress the exopoly- 
saccharide expression and inhibit biofilm formation in 
Gram-positive and -negative bacteria. Furthermore, BTs in- 
terfere with the bacterial adherence and colonization, and 
increase the susceptibility of bacteria to host defenses. 

Domenico et al. showed that at the sub inhibitory con- 



Implication for health policy/practice/research/medical education: Biofilm formation by Pseudomonas aeruginosa can cause persistent infections. 
Therefore, novel antimicrobials are urgently needed to overcome this issue. In this report, we investigated the effect of new combinations of various 
antimicrobial agents on the inhibition of biofilm formed by P. aeruginosa. 
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centration, bismuth dimercaprol (BisBAL) inhibits capsule 
expression, which promotes phagocytosis and increases 
the reactivity of certain antibodies against lipopolysaccha- 
ride (LPS) O antigen, LPS core epitopes or outer membrane 
proteins (8). One approach to prevent infection caused by 
the indwelling devices is the coating of the catheter by anti- 
microbial agents. The possible advantage of BTs over other 
metal-based antiseptics and antifouling agents e.g. silver, 
copper, and organotin is their relative non-toxicity com- 
pared to the other heavy metals (9). 

2. Objectives 

The aim of the present study was to evaluate the in vitro 
anti-biofilm activity of several antibacterial combinations. 
For this reason, bismuth ethane dithiol (BisEDT), bismuth 
propane dithiol (BisPDT) as biocides and imipenem (Im), 
ciprofloxacin (Cp), and ceftazidime (Cz) as antibiotics were 
selected to test their synergistic inhibitory effects on P. ae- 
ruginosa biofilm formation. 

3. Materials and Methods 

P. aeruginosa 214, a previously isolated clinical strain, was 
used for the experiments, which was previously reported 
to form strong biofilms (10). 

3.1. Bismuth Thiolsand Antibiotics 

Two bismuth thiols, bismuth 1,2-ethaneditioI (BisEDT) 
and bismuth 1,3-propanedithioI (BisPDT) were used against 
P. aeruginosa 214. All thiols were purchased from Sigma AI- 
drich and prepared in propylene glycol by mixing bismuth 
nitrate and thiol in a 2:1 ratio. Cp was purchased from Te- 
mad (Iran), Cz from Qilu (China), and Im from Choongwae 
(Korea). All antibiotic powders were dissolved in the appro- 
priate solvents according to the manufacturer's' instruc- 
tions. Antibiotic solutions were then sterilized using 0.22 
urn filters and stored at -20 °C. 

3.2. Antibiofilm Activity and Synergy Studies 

Serial dilutions of biocides and antibiotics were prepared 
in Tryptic Soy Broth (TSB) plus 0.2% glucose (antibiotic con- 
centrations from 10 to 0.156 lig/mL and biocide concentra- 
tions from 1.55 to 0.001 uM). Checkerboard arrangements 
of biocides and antibiotics were prepared in 96-weII mi- 
croliter plates as previously described. In the checkerboard 
technique, two drugs are compared in microtiter wells us- 
ing the drug concentrations equal to, above and below the 
MIC of the drugs being tested. In our study antibiotic con- 
centrations were chosen to be from 0.078 to 40 iig/mL. For 
imipenem, the concentrations of 80 and 160 ng/mL were 
also tested. BT concentrations were chosen to be from 1.55 
to 0.001 \iM (11). Each microtiter plate contained five wells 
for sterility control samples, five wells for growth controls 
eight wells for different concentrations of biocides and an- 



tibiotics alone and 78 wells for different combinations of 
biocides and antibiotics. 

The turbidity of incubated bacterial suspension was ad- 
justed to 0.5 McFarland's standard to achieve 108 CFU/mL. 
Microtiter plates were then incubated at 37 ° C for 24 hours. 
Semiquantitative measure of biofilm formation was per- 
formed using XTT kit purchased from Roche Company 
(Germany). After 24 hours of incubation, the well contents 
were aspirated carefully and rinsed three times with sterile 
PBS and fixed by drying for one hour in a 37°C-incubator. 
Once the wells were fully dried, 200 \ih of the XTT solu- 
tion was added to the wells. The plates were covered with 
foil to protect XTT from light and were incubated at 37 °C 
for 5 hours. After the incubation, the well contents were 
transferred to a new plate and the optical density (OD) was 
measured at 450 nm using an EHSA reader (12). Fractional 
biofilm inhibitory concentration (FBIC) of each agent was 
calculated from the minimum biofilm inhibitory concen- 
tration (MBIC) as follows (Equations 1 and 2) (13). 



Equation 1. 

FBIC,! = MBIC A(c] /MBIC A(A] FBIC B = MBIC B(C) /MBIC 



Equation 2. E^BIC = FBK^ + FBIC S 



Where subscripts A and B denote antimicrobial agents A and 
B, and subscripts in parentheses denote the activity measure- 
ments in combination and alone, respectively. Synergy was 
defined as an FBIC index of < 0.5, no interaction was reported 
when index was between> 0.5 - 4 and antagonism was consid- 
ered at > 4 (14). Each assay was repeated twice. 

4. Results 

MBIC A and MBIC C values are shown in Table 1. The FBIC 
indices were calculated and the results were interpreted 
accordingly (Table 1). A multiparamater ANOVA was used 
and the variables were considered significant at P < 0.05. 
The biofilm formation of P. aeruginosa in the presence of Cp 
was remarkably affected by adding BisEDT and BisPDT. The 
FBICs of Cp in combination with BisEDT and BisPDT were 
calculated 0.02 and 0.5, respectively which showed syner- 
gism between Cp and two BTs. 

The FBIC of Cz in combination with BisEDT and BisPDT 
were 1.06 and 0.12, respectively, which shows synergistic 
effect between Cz and BisPDT; although no synergistic ef- 
fect between BisEDT and Cz was observed. The FBIC of Im 
in combination with BisEDT and BisPDT were 2 and 0.01, 
respectively which shows no interaction between Im and 
BisEDT and indicates a strong synergism between Im and 
BisPDT. In the Figure 1, the biofilm formation at differ- 
ent concentrations of BisEDT and BisPDT plus antibiotics 
are shown. As it is obvious from the charts, by decreasing 
BisEDT and BisPDT concentrations, the amount of biofilm 
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formation decreased, and more biofilm was formed at 
higher concentrations of two biocides. 

It seems that the biocides have stimulated biofilm for- 
mation at certain concentrations. BisEDT stimulated 
biofilm formation at concentrations above 0.001 uM in 



combination with the Cp. We also observed that BisPDT 
stimulated biofilm formation at the same concentra- 
tions in combination with the Cp and Im and at above 
0.006 pM concentrations when used in combination 
with the Cz. 



Table 1. MBIC of Antibiotics and Biocides Alone and in Combination; FBIC Values 


MBIC of Biocides and Antibiotics Alone 


MBIC of Biocide and Antibiotic Combinations 


FBIC 


BisEDT:0.097 uM 


BisEDT:0.097 uM & lm:40 ug/mL 


BisEDT+lm = 2 


BisPDT:0.097uM 


BisEDT:0.006 uM&Cz:10 ug/mL 


BisEDT+Cz = 1.06 


Im:40 ug/ml 


BisEDT:0.001 uM & Cp:0.625 ug/mL 


BisEDT+Cp = 0.02 


Cz:10 ug/mL 


BisPDT:0.001 uM & Im:0.156 ug/mL 


BisPDT+lm = 0.01 


Cp:32 ug/mL 


BisPDT:0.006 uM & Cz:0.625 |Jg/mL 


BisPDT+Cz = 0.5 




BisPDT:0.001 uM & Cp:10 ug/mL 


BisPDT+Cp = 0.12 






Cp (10 ng/mL) 



Im (0.156 Mg/mL) 



0.25 




4> <S> & c£ & 

* J* c/ c ?° <//° 



0.25 



0.2 



8 0.15 



o 0.05 




BisEDT (uM) 



BisEDT (jiM) 



cP N >' 



Figure 1. Bars Indicate Biofilms' Biomass in the Presence of Different Concentrations of Biocides Plus Antibiotics 
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5. Discussion 

Decreased permeability to antimicrobials is a major 
reason for high resistance of biofilms to antimicrobial 
agents which is caused by the biofilm exopolysaccha- 
ride (13, 15). Consequently, high dosage of antimicrobi- 
als is required to eradicate biofilms. Using antibiotics in 
combination with other antimicrobials as permeabiliz- 
ers can lead to synergistic effects and decrease the effec- 
tive dosage of antibiotics. Drug synergism occurs when 
drugs can interact in ways that enhance or magnify one 
or more desired or side effects of those drugs compared 
to when used alone (16). Depending on their dosage, BTs 
can be bactericidal or bacteriostatic against many gram- 
positive and -negative bacteria (17). 

Bismuth dimercaprol (BisBAL) reduces the polysac- 
charide production by P. aeruginosa ECR1 biofilms and 
increases its susceptibility to antimicrobial agents (18). 
BisEDT inhibits EPS and LPS production, reduces adher- 
ence to tissues in culture and increases the serum sensi- 
tivity of the P. aeruginosa PAOl. It has been reported that 
BisEDT can form an aggregation of electron dense mate- 
rial on the bacterial outer surface and induce blebbing in 
P. aeruginosa. In addition, following BisEDT treatment rib- 
bon like structures appear around the bacterial surface 
that seem to contain LPS (9). It was also reported that LPS 
is one of the main causes of toxicity and the main site of 
metal binding in Gram-negative bacteria (19). 

In this study three families of antibiotics were used. 
Ceftazidime is a third generation cephalosporin which is 
effective against Gram-negative bacteria especially P. aeru- 
ginosa. The known mechanisms of resistance to p-lactam 
antibiotics include the expression of p-lactamase, altera- 
tion of drug target, and reduction of bacterial perme- 
ability and increase of drug efflux. By using the BisPDT 
together with the Cz, MBICs of both antimicrobial agents 
reduced by more than 16 times indicating the synergistic 
effects on biofilm inhibition according to the FBIC index. 
Using BisEDT in combination with Cz may have disturbed 
effluxpumps and increased bacterial permeability which 
leads to an increase in intercellular concentration of Cz. 
According to Domenico et al. bismuth can augment the 
Cz effect on P. aeruginosa and in our study similar results 
were observed in the biofilm inhibition assays (7). Loss of 
OprD, a porin that forms narrow transmembrane chan- 
nels, is an important mechanism of resistance to imipe- 
nem (20). The addition of 0.001 uM BisPDT reduced the 
MBIC of the Im against bacteria by 356 times. FBIC index 
was 0.01 which showed strong synergism between the 
two components. It seems that the degradation of mem- 
brane by BisPDT could reduce the resistance to imipen- 
em. 

Ohge et al. has reported that bismuth can reduce the Im 
efficacy on bacterial growth by up to 20 folds but in this 
study we observed a synergism between Im and BisPDT 
in our biofilm inhibition experiments (21). Ciprofloxacin 



is a synthetic chemotherapeutic antibiotic of the flouro- 
quinolone class (22). Of the known mechanisms of flou- 
roquinolone resistance, one of them is in related to efflux 
pumps that can decrease the intracellular quinolone 
concentration (23). Using Cp in combination with BisEDT 
and BisPDT shows synergistic effects on biofilm inhibi- 
tion. The addition of 0.001 uM BisEDT reduced the MBIC 
of Cp by 50 folds and addition of the same amount of 
BisPDT reduced the Cp MBIC by 3 folds. BT inhibits the EPS 
and slime production and consequently inhibits biofilm 
formation so antibiotics can penetrate into the bacteria 
more easily. BTs also affect bacterial membranes and LPS; 
this can disturb efflux pumps and increase the intracel- 
lular concentration of antibiotics. 

According to Domenico et al. bismuth can work in 
synergism with Cp and enhance its antibacterial ef- 
fects. We also observed increased antibiofilm activity 
of Cp by using it together with bismuth thiols. How- 
ever the exact mechanism of this synergistic effect 
is currently unknown. As mentioned before, BTs can 
stimulate biofilm formation at certain concentrations. 
Shemesh and his colleagues reported that biofilm for- 
mation is enhanced by sub-lethal doses of chlorine di- 
oxide (C10 2 ), resulted in acceleration of Bacillus subtilis 
biofilm formation as well as other bacteria, suggesting 
that biofilm formation is a widely conserved response 
among various bacterial species to sub lethal doses of 
this agent. They indicated that biofilm formation is a 
self-protective response that helps to protect the bacte- 
ria cells from the toxic effects of biocides (24). Not only 
the biocides, but some antibiotics like aminoglyco- 
sides can induce biofilm formation in sub-inhibitory 
concentrations, which is a protective response against 
harmful environmental agents (25). Therefore, the 
proper amount of biocide should be chosen very care- 
fully. Reducing the effective dose of drugs and conse- 
quently, their side effects and toxicity are some advan- 
tages of combined antimicrobial therapy. Preventing 
the selection of resistant microorganisms is another 
advantage of combination therapy. 

Combination therapy is also useful in polymicrobial in- 
fections due to broad- spectrum coverage for the initial 
therapy of severely infected patients (26). BTs are effective 
at nontoxic low 1 concentrations, so they can be used as 
an adjunct to reduce the effective dose of antibiotics. It 
can be concluded that appropriate concentrations of BTs 
in combination with antibiotics had synergistic effects 
on P. aeruginosa biofilm inhibition. However, future in- 
vestigations must be carried out on other clinically im- 
portant bacteria such as Staphylococcus and Acinetobacter, 
which are also able to produce persistent biofilms. 
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